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E
ﬃcient electron transfer between redox enzymes and elec-
trodes is a major issue in the development of biosensors and
biofuel cells. Most commonly, large distances (above 20 Å)
prevent direct electron transfer (DET) between the prosthetic
group in the active site and the electrode.
1,2 Mediated electron
transfer (MET) employs redox mediators to shuttle redox equiva-
lents or allow electron hopping between the enzyme and the
electrode and has been widely applied to solve this problem. Good
sensitivities and high current densities have been demonstrated for
diﬀerent biosensors and biofuel cells based on MET.
3 8 On the
other side, DET between the enzyme and the electrode surface
would obviate problems associated with MET (e.g., leaking or
limited stability of redox mediators, expensive heavy metal com-
plexes,potentialtoxicityofmediator),allowamoresimpledesignof
the electrode, and reduce the number of additional components,
w h i c hh a v et ob ea d d e da n do p t i m i z e d .
9 When implanted or
deposited after use, DET based biosensors or biofuel cells cannot
release environmentally hazardous, potentially toxic mediators or
their degradation products.
It is well-known that DET either requires a close proximity of
the active site of the redox enzyme to the protein surface (e.g.,
cytochrome c peroxidase)
3,10 or needs a connection with the
protein surface by a built in electron transfer pathway con-
structed by a chain of redox active cofactors (e.g., NiFe
hydrogenaes)
1,2,11 or by an electric wire.
12 16 DET is therefore
rarelyobserved;itwasshownforonly5%ofthecurrentlyknown
redox enzymes.
3,17 Moreover, even if the prerequisites for DET
are given, the correct orientation of the active site and vicinity to
the electrode surface are required for high electron transfer
rates.
2 DET is therefore diﬃcult to achieve, and an optimized
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ABSTRACT:Oneofthechallengesintheﬁeldofbiosensorsandbiofuelcells
is to establish ahighly eﬃcientelectron transfer rate betweenthe active site of
redox enzymes and electrodes to fully access the catalytic potential of the
biocatalyst and achieve high current densities. We report on very eﬃcient
direct electron transfer (DET) between cellobiose dehydrogenase (CDH)
from Phanerochaete sordida (PsCDH) and surface modiﬁed single walled
carbonnanotubes (SWCNT). Sonicated SWCNTs were adsorbedon thetop
of glassy carbon electrodes and modiﬁed with aryl diazonium salts generated
in situ from p-aminobenzoic acid and p-phenylenediamine, thus featuring at
acidic pH (3.5 and 4.5) negative or positive surface charges. After adsorption
ofPsCDH,bothelectrode typesshowed excellent long-termstabilityandvery
eﬃcient DET. The modiﬁed electrode presenting p-aminophenyl groups
produced a DET current density of 500 μAc m
 2 at 200 mV vs normal
hydrogen reference electrode (NHE) in a 5 mM lactose solution buﬀered at
pH 3.5. This is the highest reported DET value so far using a CDH modiﬁed
electrode and comes close to electrodes using mediated electron transfer.
Moreover, the onset of the electrocatalytic current for lactose oxidation
started at 70 mV vs NHE, a potential which is 50 mV lower compared to when unmodiﬁed SWCNTs were used. This eﬀect
potentiallyreducestheinterferencebyoxidizablematrixcomponentsinbiosensorsandincreasestheopencircuitpotentialinbiofuel
cells. The stability of the electrode was greatly increased compared with unmodiﬁed but cross-linked SWCNTs electrodes and lost
only 15% of the initial current after 50 h of constant potential scanning.3043 dx.doi.org/10.1021/ac103250b |Anal. Chem. 2011, 83, 3042–3049
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electrode surface is required. The most commonly employed
electrode modiﬁers for DET are self-assembled monolayers
(SAM) of functionalized thiols on gold, which facilitate the
ordered immobilization of proteins.
18 22 Similar to the modiﬁ-
cation with thiols, but more stable and with the possibility to be
employedon both metaland carbon surfaces, isthe modiﬁcation
with functionalized aryl diazonium salts.
23 26 Corgier et al.
introduced in 2005 the use of diazonium-modiﬁed antibodies
for the direct electrically addressable immobilization of
proteins.
27 In 2006, Polsky et al. showed a high direct hetero-
genenous electron transfer for horseradish peroxidase covalently
bonded to carboxyl terminated aryl diazonium salt modiﬁed
electrodes.
28 More recently, Blanford et al. used aryl diazonium
coupling to attach anthracene-2-diazonium on a glassy carbon
electrode surface to create the equivalent of an “electric plug” to
achieve high DET currents with Pycnoporus cinnabarinus
laccase.
29 In recent years, the currents obtained from both
DETandMETbasedelectrodeswereincreasedbymodiﬁcations
based on nanomaterials such as single walled carbon nanotubes
(SWCNTs).
3,30,31 These can improve current densities by two
mechanisms: (i) by functioning as nanoscaled electrical wires,
which facilitate the contact of the active sites of redox
enzymes
32,33 and (ii) by generating a large surface area for
protein binding.
6,7,30 34 In 2001, Bahr and Tour modiﬁed
SWCNTs with in situ generation of functionalized aryl diazo-
nium species.
35
Cellobiose dehydrogenase (EC 1.1.99.18, CDH) is one of the
redox enzymes capable of DET, which is a result of its two-
domain structure.
36 The extracellular, glycosylated ﬂavocyto-
chrome is formed by basidiomycete and ascomycete fungi and
is believed to be involved in lignocellulose degradation. Depend-
ingontheorigin,CDHsshowdiﬀerentsubstratespeciﬁcities,but
in general, they all oxidize β-1,4-linked di- and oligosaccharides
(e.g., cellobiose, cellodextrins, and lactose). Some ascomycete
CDHs may also oxidize monosaccharides (e.g., glucose). In the
catalytic reaction, 2H
þ/2e
  are donated to the FAD cofactor in
the larger ﬂavodehydrogenase domain (DHCDH). The electrons are
transferred either directly from the FAD to one- or two-electron
acceptors or sequentially by intramolecular electron transfer (IET)
to the haem b cofactor located in the smaller cytochrome domain
(CYTCDH), which can act as an electron transfer mediator between
DHCDHandanelectrode(DETstep).Becauseoftheircarbohydrate
oxidizing activity, CDHs have been employed in DET based
amperometric lactose biosensors
37,38 and recently also in lactose
or glucose powered biofuel cells.
32 34,39,40 CDH from the basidio-
mycete Phanerochaete sordida (PsCDH) is an acidic enzyme with
respect to its pH optima and its isoelectric point (pI).
41,42 To
improve the electron transfer eﬃciency between CYTPsCDH and
electrodes, SWCNTs were adsorbed on the top of glassy carbon
electrodesandfurthermodiﬁedwithinsitugeneratedaryldiazonium
salts starting from p-aminobenzoic acid and p-phenylenediamine.
We have chosen phenyl-COOH (COOH-PD) and phenyl-NH2
(NH2-PD) moieties, because they are present in their deprotonated
(carboxyphenylgrouppKa=2.8) orprotonatedstate(aminophenyl
group pKa = 4.6) at the investigated pH values of 4.5 and 3.5,
respectively. PsCDH was speciﬁcally chosen for its very good DET
properties
10,22,32,33,37,38 and the low isoelectric point (a relatively
high abundance of acidic amino acids). This study aimed at
investigating the eﬀect of negatively/positively charged SWCNTs
on the DET characteristics obtained with a negatively charged
protein moiety (CYTCDH) with respect to current density and
stability of the produced electrodes. This study is also motivated by
the fact that third generation biosensors and biofuel cell
electrodes exhibit much lower current densities than their
equivalents based on MET. If there is a way to drastically
increase the current density through a higher percentage of
immobilized redox enzymes orientated toward DET, much
would be gained both for analytical as well as other types
applications for third generation based bioelectrodes.
’EXPERIMENTAL PART
ReagentsandEquipment.Allreagentswereusedasreceived,
and aqueous solutions were prepared with Milli-Q water (>18
MΩcm
 1, Millipore, Sydney, Australia). Ferricyanide (K4Fe-
(CN)6),hexaamineruthenium(III)chloride(Ru(NH3)6Cl3),p-ami-
nobenzoic acid, polyethylene glycol diglycidylether (PEGDGE),
sodium nitrate (NaNO2), dichloroindophenol (DCIP), and 1,4-
benzoquinone (BQ) were obtained from Sigma Chemical Co.
(Sydney, Australia). p-Phenylenediamine was from Hopkin and
Williams LTD (Glenmilles, PA, USA). Single walled carbon nano-
tubes(SWCNT)wereHiPcotubesfromCarbonNanotechnologies
Inc. (Houston, TX, USA). All electrochemical measurements were
performed with a BAS-100B electrochemical analyzer (Bioanalytical
System Inc. West Lafayette, IL, USA) and a conventional three-
electrodesystemusing3mmdiametermodifiedglassycarbon(GC)
electrodes(BAS) asworkingelectrodes,ahomemadeplatinumplug
ascounterelectrode,andanAg|AgCl(3MKCl)referenceelectrode.
The potential is in all cases referred to the normal hydrogen
reference electrode (NHE). The current densities were calculated
withrespecttothegeometricelectrodearea.Unlessotherwisestated,
cyclic voltammetry (CVs) was carried out in 0.1 M sodium acetate
buffers of various pH values. Buffer solutions were degassed by
sparging with argon for at least 15 min prior to data acquisition and
were blanketed with argon during the entire experiment.
Electrode Preparation and Electrochemical Measure-
ments. GC electrodes were polished with aqueous alumina
slurries (Al2O3) by stepwise decreasing the particle size (1 to
0.05 μm)on wet microcloth pads (Buehler,Lake Bluff,IL, USA)
using Milli-Q water. The electrodes were thoroughly rinsed with
andsonicatedinMilli-Qwaterfor5minbetweenpolishingsteps.
TenμLofa30mgmL
 1overnightsonicatedaqueoussolutionof
SWCNTs was dropped on the top of a GC electrode dried in a
desiccator. Carboxylate and amine groups on the GC electrodes
were introduced by electrochemical reduction of the aryldiazonium
cation generated in situ from either p-aminobenzoic acid (COOH-
PD) or p-phenylenediamine (NH2-PD).
43 Briefly, 5 mM (final
concentration) NaNO2 was added to a 5 mM acidic aqueous
solution (0.5 M HCl) of the aryl amine (1 mM) to generate the
aryldiazoniumcation.Thesolutionwaskeptincompletedarknessin
a ni c eb a t ha n da l l o w e dt or e a c tf o r5m i nu n d e ran i t r o g e ns t r e a m
and stirring. Surface derivatization was carried out using electro-
chemical reduction by scanning the SWCNTs-GC working elec-
trodefrom1.2to 0.8VvsNHEatarateof100mVs
 1for2cycles
in the aryldiazonium cation-generating solution. The resulting
modified electrodes were removed and rinsed with large volumes
of water and dried under a stream of nitrogen. Enzyme-modified
electrodes were prepared by allowing 10 μLo faPhanerochaete
sordida cellobiose dehydrogenase (PsCDH) solution to adsorb on
the top (6.55 mg/mL; 206 U/mL, produced according the method
from Ludwig et al.
44) to adsorb on the top of the SWCNTs
aryldiazonium modified GC electrodes (Figure 1). The electrodes
were allowed to dry overnight at 4  C under controlled humidity.
The activity of PsCDH was 140 U mL
 1, the protein concentration3044 dx.doi.org/10.1021/ac103250b |Anal. Chem. 2011, 83, 3042–3049
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was 4.2 mg mL
 1, and the specific activity was 33 U mg
 1.T h e
culti vationa ndpur if ic ationoftheenzymewasthesa measdes cri bed
for Trametes villosa CDH.
44
Steady-State Kinetic Measurements. The pH-dependent
activity of PsC D Hi ns o l u t i o nw a sm e a s u r e du s i n ge i t h e rt h eo n e -
electron acceptor cytochrome cor the two-electron acceptors DCIP
or BQ in 0.1 M sodium citrate buffer (measured pH range of
2.9 6.4) containing 30 mM lactose as electron donor according to
published methods.
45 The apparent KMvalue of PsCDH for lactose
was measured spectrophotometrically at 30  C employing different
lactoseconcentrations(0.1 50mM) andcytochromec(20μM) as
saturating electron acceptor
45 and calculated by linear least-squares
regression using Sigma Plot 11 (Systat Software, San Jose, CA,
USA). The kcat was calculated from the Vmax value by applying the
molecular mass of PsCDH (81000 Da), and the protein concentra-
tion was measured by the Bradford method using a manufactured
protein assay reagent (Fermentas, St. Leon-Rot, Germany) and
bovine serum albumin as protein standard.
Isoelectric Focusing. To determine the isoelectric point of
PsCDH and its proteolytic cleavage products (papain cleavage),
samples containing either the native enzyme or the flavodehy-
drogenase domain (DHPsCDH) and the cytochrome domain
(CYTPsCDH)wereappliedonaMultiphorIIsystem(GEHealth-
care) using precast gels (Clean gel IEF) rehydrated with carrier
ampholytesintherangebetweenpH2.0and9.0(GEHealthcare
and Serva, Heidelberg, Germany). The IEF protein standard
3 10 from Serva was used to determine the pI values. Enzyma-
tically active bands were visualized by active staining. Therefore,
the gel was first soaked in 3 mM DCIP solution before pouring
300mMlactose solution over the surface. Shortly after, colorless
bandsappearedbecauseofreductionofDCIPintoitsleucoform.
Afterward, the gel was transferred into 20% acetic acid for
overnight protein fixation. Proteins were visualized by silver
staining.
46
’RESULTS AND DISCUSSION
Aryl Diazonium Coupling. The process is based on aryl
amines, which are converted into aryl diazonium salts by treatment
with hydrochloric acid and nitrite at ice temperature. Subsequently,
the aryl group is covalently attached to the electrode surface by
electrochemical reduction, releasing N2.
20,23,24 GC electrodes were
used as robust supports for physical absorption of SWCNTs and
furthermodificationwiththeintroductionofaminegroups,whichare
protonated (positively charged) at pH 3.5 and carboxylate groups,
which are deprotonated (negatively charged) at pH 4.5. Deposition
of NH2-PD and COOH-PD, respectively, was achieved by two
sequential potential CVs from 1.2 to  0.8 V vs NHE in aqueous
solution containing 0.5 M HCl and 5 mM NaNO2. Two consecu-
t i v eC V sa r es h o w ni nF i g u r e2 af o rt h eN H 2-PD modification of a
Figure 1. Schematic representation of SWCNTs-GC electrodes modiﬁed with (A1) p-phenylenediamine or (B1) p-aminobenzoic acid. After
modiﬁcation, PsCDH is added and will adsorb onto the SWCNTs exhibiting either (A2) aniline moieties or (B2) benzoic acid moieties. The
orientationofPsCDHisverylikelyinﬂuencedbythechargedsurfaces,withthehighlynegativelychargedCYTPsCDHattractedbythepositivechargesof
A2 or repulsed by the negative charges on B2.3045 dx.doi.org/10.1021/ac103250b |Anal. Chem. 2011, 83, 3042–3049
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SWCNTs-GC electrode and in Figure 2b for a corresponding
COOH-PD one. The first cycle in Figure 2a presents two reduction
peaks. During the second cycle, only a small reduction current at a
lower potential is present, suggesting the presence of the grafted
layer.
23 25 The reduction of the p-aminobenzoic acid moiety is
exhibited in Figure 2b and characterized by a well-defined, reprodu-
cible, and irreversible reduction peak at 0 mV vs NHE in the first
cycle. The lower current obtained in the second cycle is evidence of
surface saturation and suggests that a layer of covalently bound
molecules was formed.
PresenceoftheGraftedLayer.Todemonstratethepresence
of the grafted layer and investigate its properties, cyclic voltammetry
withsolubleelectroactivespecieswasperformedandtheinfluenceof
the electrode modification on the oxidation/reduction processes of
Ru(NH3)6
3þ and Fe(CN)6
4- was investigated. Figure 3a shows the
CVs recorded with the NH2-PD/SWCNTs-GC electrode in
t h ep r e s e n c eo f5m MR u ( N H 3)6
3þ at pH 3.0 (—)a n da tp H6 . 0
(red    ). The oxidation/reduction process of Ru(NH3)6
3þ
presentsaquasireversiblebehavioratpH6.0withanapparentredox
potential of 0 mV vs NHE. At pH 3.0, the NH2-PD/SWCNTs-GC
electrodeshowsablockingbehavior.Theincreaseofpositivecharges
on the NH2-PD modified electrode when decreasing the pH from
6.0 to 3.0 leads to electrostatic repulsion between Ru(NH3)6
3þ and
the modified electrode surface. The surface pKa of NH2-PD/
SWCNTs-GC should be close to that of surface bound p-ami-
nothiophenol and to that of aniline adsorbed on gold pKa=4 . 6 .
47 A
very large fraction of the amino groups will therefore be positively
charged at pH 3.5 but neutral at pH 6.0. It could be argued that
p-phenylenediamine can form a bifunctional diazonium salt, which
should attack the graphite surface in an uncontrollable way. How-
ever, it was shown very recently
48 that upon exposure to sodium
nitrite only one of the amine groups is converted. In Figure 3b,
results from a COOH-PD/SWCNTs-GC electrode in the presence
of Fe(CN)6
4- are shown. At pH 4.0, the carboxylate groups present
at the electrode surface are negatively charged and block the
Fe(CN)6
4- redox species from accessing the electrode. At pH 2.0,
thecarboxylategroupsaremostlyunchargedandtheprobeexhibitsa
well-defined redox wave with a midpoint potential of 425 mV vs
NHE. This is in good agreement with previous studies by Saby
et al.,
49 who reported a surface pKa of 2.8 for a glassy carbon elec-
trode presenting p-carboxyphenyl groups.
Molecular and Catalytic Properties of P. sordida CDH. The
isoelectricpoints(pI)ofPsCDHandDHPsCDHweredetermined
by isoelectric focusing using active staining and silver staining
(Figure 4). The pI value of the purified PsCDH was estimatedto
be 4.1; for the proteolytic cleavage product DHPsCDH, a pI value
Figure 2. Cyclic voltammograms for in situ generation of aryl diazo-
nium salts on SWCNTs-GC electrodes obtained from (a) 1 mM
p-phenylenediamine and (b) 1 mM 4-aminobenzoic acid in 0.5 M
HCl aqueous medium with 1 mM NaNO2 at a scan rate of 100 mVs
 1.
First scan (—), second scan (red    ).
Figure 3. (a) Cyclic voltammograms recorded at NH2-PD/SWCNT-
GC electrode in the presence of 5 mM Ru(NH3)6
3þ in acetate buﬀer at
pH 3.0 (—) and at pH 6.0 (red    ). (b) Cyclic voltammograms
recorded at COOH-PD/SWCNT-GC electrode in the presence of
5 mM Fe(CN)6
3-/4- at pH 4 (—) and at pH 2 (red    ).
Figure 4. Isoelectric focusing of P. sordida CDH. Active staining with
2,6-dichloroindophenol and lactose is shown on the left side; silver
staining is on the right side. Lanes 1 and 4, pI marker; lanes 2 and 5,
proteolytic digest of PsCDH; lanes 3 and 6, puriﬁed PsCDH.3046 dx.doi.org/10.1021/ac103250b |Anal. Chem. 2011, 83, 3042–3049
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of 5.7 was found. Additionally, minor bands were found in the
silver stained gel, one representing a PsCDH isoform (pI = 4.0)
andtheother(pI=4.8)couldbetheproteolyticcleavageproduct
of either the minor isoform or DHPsCDH itself. Both bands are
activeandoveremphasized bythe sensitive activestaining, which
even shows a band for glucose oxidase in lane 1 (from the pI
standard) although lactose was used as substrate. No CYTPsCDH
band was found, it is likely to be further degraded by papain. By
comparisonofthevaluesobtainedforPsCDHtothevaluesofthe
well characterized CDH from P. chrysosporium (CDH 4.18,
DHPcCDH 5.45, CYTPcCDH 3.42),
50 it can be deduced that the
pI of CYTPsCDH must be even lower than the pI of CYTPcCDH to
compensate for the less negatively charged DHPsCDH.
The pH-dependent activity for diﬀerent electron acceptors
was measured within the pH range of 2.9 6.4 (Figure 5). With the
two-electron acceptors, BQ and DCIP, PsCDH exhibits a plateau-
shapedpHproﬁlebetweenpH3.5and5.0,whichensuresthatlactose
turnover at DHPsCDH is relatively constant at pH 3.5 and 4.5. In
contrast, the one-electron acceptor cytochrome c, which interacts
solely with CYTPsCDH,s h o w sab e l l - s h a p e dp r o ﬁle with a pH
optimumatpH4.0.TheIETisstronglypHdependentanddecreases
dramatically above pH 4.5 (34% residual activity at pH 5.0, 8% at
pH 5.5). However, at the investigated pH values, the IET is fairly
constant with 95% of the maximum value at pH 3.5 and 80% at pH
4.5,whichensuresthatDETcurrentsmeasuredontheelectrodesare
not inﬂuenced by rate limiting or vastly diﬀering IET rates.
The KM value of PsCDH for lactose was determined to be
0.7 mM, and the kcat was 45 s
 1, values which compare well with
data reported for P. chrysosporium CDH measured for lactose
with cytochrome c as electron acceptor at room temperature
(KM = 0.63 mM, kcat = 28.8 s
 1).
51 The lactose concentration
used for all further experiments (5 mM) is therefore 7.1-fold the
KM value of the enzyme and ensures a high catalytic substrate
turnover(∼88%of Vmax).Itis,on the other side,suﬃcientlylow
to avoid signiﬁcant background current by nonspeciﬁc oxidation
as reported for a SWCNT modiﬁed electrode and a lactose
concentration of 100 mM.
32
Effect of NH2-PD and COOH PD Modifications on DET of
PsCDH.PsCDH hasanoverall isoelectricpointof4.1,butitstwo
domains differ strongly in their individual pI values. Whereas
DHPsCDH is less negatively charged (pI = 5.7), CYTPsCDH has an
isoelectricpointbelow3.5andpresentsmanynegativelycharged
amino acid residues on its surface (when assuming a high structural
similarity with P. chrysosporium CYTCDH, PDB ID: 1D7B).
52 We
sought to take advantage of this uneven distribution of charges and
investigate the influence of charged electrode surfaces on the
possibility to orientate the enzyme to achieve efficient DET. More-
over, the pH optimum for activity and IET between pH 3.5 and 4.5
allowed us to neglect their influence on DET within this pH range.
Toobtainhighcurrents,SWCNTswereusedasnanoscaledelectrical
wires to facilitate DET between the CYTCDH o ft h en a t i v ee n z y m e
and the underlying electrode and to provide a large surface area for
enzyme immobilization.
32,33 Moreover, aryl diazonium coupling was
used to create specific functional charged groups on the electrode
nanowire surface to possibly increase the interaction forces and
orientate the enzyme on the surface. The scheme in Figure 1 shows
the modification route of SWCNTs-GC electrodes with p-amino-
benzoic acid or p-phenylenediamine and subsequently with PsCDH.
In Figure 6a, the CV of a PsCDH modified COOH-PD/SWCNTs-
GCelectrodeshowstheDETcurrentinthepresenceandabsenceof
substrate in acetate buffer, pH 4.5. In the CV in the absence of
substrate, two redox waves can be observed. The first redox wave at
 50 mV can be referred to FAD from DHPsCDH, while the second
one at a more positive potential (100 mV) can be assigned to the
haem b in CYTPsCDH. When 5 mM substrate is added, the onset of
the electrocatalytic current for lactose oxidation can be observed
around 70 mV vs NHE with a maximum increase in the slope of the
wave at 170 mV and the current steadily increases up until around
200 210 mV and after that starts to level off. No electrocatalytic
current was observed from the DHFAD d o m a i n .T h e r e f o r e ,t h ew a v e
seenat 50mVinthe CVwithout substrateismost likely causedby
FAD released from the protein or a denaturated domain, as we
Figure 5. Activity versus pH proﬁles of PsCDH using ( 3 ) cyto-
chrome c,(  0 ) DCIP, and ( O ) BQ. The turnover numbers are
given for the diﬀerent electron acceptors. For lactose, the turnover
number would bethe same in the case ofthe two-electron acceptors but
only half the value in the case of cytochrome c (stoichiometry = 2).
Figure6. (a)CyclicvoltammogramofaPsCDHCOOH-PD/SWCNT-
GCelectrodeinthepresenceof5mMlactose(red  )a n di nt h ea b s e n c e
of substrate ( ). 0.1 M acetate buﬀer, pH 4.5. Scan rate 1 mV s
 1.( b )
Cyclic voltammogram of a PsCDH NH2-PD/SWCNTs-GC electrode in
t h ep r e s e n c eo f5m Ml a c t o s e( r e d   ) and in the absence of substrate.
0.1 M acetate buﬀe r ,p H3 . 5 .S c a nr a t e1m Vs
 1.3047 dx.doi.org/10.1021/ac103250b |Anal. Chem. 2011, 83, 3042–3049
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already reported in refs 32 and 33, rather than DET between the
catalytically active site of the DHFAD domain and the electrode.
The electrocatalytic current density curve for substrate oxida-
tion reaches a maximum at 150 μAc m
 2. This value is compar-
able to the electrocatalytic current obtained for a PsCDH
SWCNT-GC electrode (results not shown) and for a PsCDH
SWCNTmodiﬁedpyrolyticgraphiteelectrode
32(resultsnotshown).
These similar results are not surprising, since it is known that
SWCNTspresentalreadysomecarboxylgroupsontheirsurface
53
and the COOH-PD modiﬁcation is only expected to saturate the
surface with such functionalities. The CVs reported here were
obtained at a scanrate of 1 mVs
 1. At this scan rate, there is still a
noticeable capacitive current due to the high surface area of the
electrode.Whentheamountofenzymesolutionusedforelectrode
preparationwasvaried(5or10μL),themaximumelectrocatalytic
current was constant, indicating an excess of enzyme.
The modiﬁcation of the SWCNTs-GC electrode with NH2-
PD and PsCDH led to diﬀerent results compared with earlier
reported data for SWCNTs
32,33 or the COOH-PD/SWCNTs-
GC from this study, especially with respect to the very high
catalytic current density obtained (Figure 6b). In fact, a current
density of more than 500 μAc m
 2 was obtained when the ele-
ctrode was immersed in a solution containing 5 mM lactose in
acetate buﬀeratpH 3.5asseeninFigure6b.Thiscorrespondsto
an approximately 3.5-fold increase in current with respect to the
modiﬁcation with COOH-PD/SWCNTs. The electrocatalytic cur-
rent for lactose oxidation can be observed to start at around 0 mV
with a maximum for the wave at around 100 mV vs NHE. In the CV
withoutsubstrate,onlyawell-deﬁnedwavewithamidpointpotential
at 70mVcan beobserved.The onset of the catalyticanodicwave for
lactose oxidation is around 50 mV lower than what we obtained for
the COOH-PD/SWCNTs-GC (70 mV) and previously for unmo-
diﬁed SWCNTs (75 mV at pH 3.5).
32,33 T h er e a s o nf o rt h el o w e r
onset of the anodic wave for lactose oxidation and for the haem b
midpoint potential might be the obvious extremely good DET
communication between CYTPsCDH and the NH2-PD/SWCNTs
layer. The low isoelectric point of CYTPsCDH (pI <3.5) and the high
surface concentration of negatively charged amino acid residues
already atpH 3.5can explain why a NH2-PD modiﬁcation (together
with the already existing COOH groups) can create a less electro-
static repulsive environment for CYTPsCDH and enhance DET.
Similar current densities for PsCDH (500 μAc m
 2at pH 4.0) were
obtained before only when a mediated system based on an osmium
redox polymer in combination with PsCDH/SWCNTs modiﬁed
pyrolytic graphite electrodes was used,
33 where the electrons are
shuttledinamediatedmodefromtheenzymetotheelectrodebythe
osmiumredoxpolymerthatwascross-linkedtotheenzyme.Previous
studies of both basidiomycete (class I) and ascomycete (class II)
CDH on thiol modiﬁed gold electrodes
21,22,54,55 have revealed that a
positively charged headgroup on the SAM yields much better
electrochemical communication with the enzyme than a negatively
charged SAM. As expected, the good electrochemical communica-
tion between PsCDH and the NH2-PD modiﬁed surface is in
agreement with previous results, shown for PsCDH at positively
charged 4,40-aldrithiol SAM modiﬁed gold electrodes.
22 Two me-
chanisms can explain the enhanced current observed at NH2-PD-
SWCNT modiﬁed electrodes. First, PsCDH can be orientated in a
betterwayforDETbyelectrostaticforcesfromthepositivelycharged
SWCNT surface. This may also lead to that a higher percentage of
the immobilized CDH molecules are orientated for DET with the
electrode material. Second, the electrostatic repulsion between the
negativesurfacechargesofunmodiﬁedorCOOH-PDSWCNTsand
the also negatively charged CYTPsCDH at low pH might reduce the
DET rate.
Stability Measurements. When investigating the stability of
PsCDH NH2-PD/SWCNTs-GC electrodes in 5 mM lactose at pH
3.5,itperformedextremelywell.Thecatalyticcurrentdecreasedonly
by 15% in 50 h during continuous recording of multicycle voltam-
mograms at a scan rate of 0.1 mV s
 1 between  0 . 2a n d0 . 4V .I n
Figure 7, 15 scans are shown, which cover a time span of 50 h. Every
10 h, the solution was exchanged for a freshly prepared lactose
solution. These results were obtained without a cross-linker. The
long-term stability of the electrode was neither positively nor
negatively affected when a cross-linker (polyethylene glycol diglyci-
dylether, PEGDGE) was added in a control experiment. This is
different to previous reports for CDH/SWCNTs modified carbon
electrodes, where always a poor long-term stability was observed in
the absence of a cross-linker. The NH2-PD modification seems to
prevent the release of PsCDH from the SWCNTs layer, which is
mostprobablyduetoattractiveelectrostaticinteractions.Also,inthis
case, for the COOH-PD/SWCNTs modification, no cross-linker
had to be added, suggesting an environment which strongly binds
PsCDHandsupportsitsstability.Thestabilitywasmuchhigherthan
whathasbeenreported beforeforPsCDHcross-linked toSWCNTs
modified pyrolytic graphite electrodes working under DET condi-
tions (20% decrease after 12 h when scanning at a scan rate of
0.1 mV s
 1 between 294 and 394 mV).
32 A comparable stability to
the one reported here was only exhibited previously for PsCDH
cross-linked to an Os redox polymer and SWCNTs on graphite
working under MET conditions (33% decrease after 100 h of run-
ning multicyclic voltammograms at different pH values).
33 We have
previously seen that, when increasing the ionic strength of the sup-
porting electrolyte, then the DET response current rather increases
than decreases,
56 as could have been expected if the interaction
between the adsorbed enzyme and the electrode surface is solely
based on electrostatic interactions. Obviously, the influence of the
ionic strength is much more complex, as was also recently shown for
anotherredoxenzyme,sulfiteoxidase,whenimmobilizedontoSAM-
coated silver electrodes
57 and is currently under intensive studies.
’CONCLUSIONS
In PsCDH modiﬁed GC electrodes, both the COOH-PD/
SWCNT and the NH2-PD/SWCNT modiﬁcations were shown
to provide a favorable environment for enzyme deposition. Also,
the long-term stability of the modiﬁed electrode was positively
aﬀected by the aryl diazonium salt modiﬁcation. We can report a
loss of 15% of the original activity after 50 h of cycling the
Figure7. MultipleCVs(15cyclesareshownregisteredatevenintervals
during 50 h) of a PsCDH NH2-PD/SWCNTs-GC electrode in the
presence of 5 mM lactose in 0.1 M acetate buﬀer, pH 3.5. Scan rate
0.1 mVs
 1.3048 dx.doi.org/10.1021/ac103250b |Anal. Chem. 2011, 83, 3042–3049
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electrode between  200 and þ400 mV vs NHE. The PsCDH
COOH-PD/SWCNTs-GC electrode resulted in a lower current
density (150 μAcm
 2, 5 mM lactose, pH 4.5) than the PsCDH
NH2-PD/SWCNTs-GCelectrodeexhibitingacurrentdensityof
500 μAcm
 2 (5 mM lactose, pH 3.5). We conclude that the
strongly negatively charged CYTPsCDH interacts better with the
positively charged surface of NH2-PD modiﬁed electrodes. To
the best of our knowledge, this is the ﬁrst time that such a high a
current density is reported for an oxidizing enzyme modiﬁed
electrode working under DET conditions. Similar current den-
sitieswerepreviouslyreportedonlyforenzymesworkinginMET
conditions.
8,33,34 Moreover, the onset of the electrocatalytic
current for lactose oxidation started at a potential more than
50 mV lower than when the SWCNTs-GC electrodes were
modiﬁed with COOH-PD.
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